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apain-like cysteine proteases of

malaria parasites are considered
important chemotherapeutic targets or
valuable models for the evaluation of
drug candidates. Consequently, many
of these enzymes have been cloned and
expressed in Escherichia coli for their
biochemical characterization. However,
their expression has been problematic,
showing low yield and leading to the
formation of insoluble aggregates. Given
that highly-productive expression sys-
tems are required for the high-through-
put evaluation of inhibitors, we analyzed
the existing expression systems to iden-
tify the causes of such apparent issues.
We found that significant divergences in
codon and nucleotide composition from
host genes are the most probable cause
of expression failure, and propose sev-
eral strategies to overcome these limita-
tions. Finally we predict that yeast hosts
Saccharomyces cerevisiae and Pichia pas-
toris may be better suited than E. coli
for the efficient expression of plasmodial
genes, presumably leading to soluble and
active products reproducing structural
and functional characteristics of the nat-
ural enzymes.

Introduction

Malaria, the most prevalent protozoal
infection worldwide, remains a major
public health problem globally.! It is
caused in humans by five species of the
genus Plasmodium and causes annually
the death of about 1 million people; more
than 350 million new infections and 3.2
billion persons are at continuous risk of
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infection (http://www.dndi.org/diseases/
malaria.html). Due to the lack of an effec-
tive vaccine, chemotherapy constitutes
the only line of defense against malaria.
However, the emergence and wide spread
of drug-resistant strains reduce the effec-
tiveness of current therapy and demand
the urgent development of new drugs with
novel mechanisms of action.?

Over the last ten years, the study of
peptidases from malaria parasites has
acquired considerable importance. Some
of these enzymes have been proposed to
play central roles in diverse processes such
as cell invasion, differentiation, cell cycle
progression, catabolism of host proteins,
parasite feeding and evasion of the host
immune response; making them attrac-
tive targets for therapeutic intervention.®
Peptidases involved in hemoglobin deg-
radation, and particularly those belong-
ing to Clan CA family C1 (C1A), have
proven very attractive as metabolic tar-
gets, considering the experimental evi-
dence that has arisen from both the use
of specific inhibitors and gene-disruption
experiments.”

Papain-like cysteine hemoglobinases
from human malaria parasites P. falci-
parum (Falcipains 2, 2' and 3)>® and
P. vivax (Vivipains 2, 3 and 4)*'° have
been extensively characterized. In addi-
tion, several cysteine peptidases from
rodent malaria parasites have attracted
some attention, given the relevance of
murine models for the in vivo evalu-
ation of inhibitors with therapeutic
potential. These include Vinckepains
(P. vinckei),"! Berghepains (P. berghei)'?
and Chabaupains (P. chabaudi).® Other
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closely-related isoforms of these enzymes
have also been identified and character-
ized in different plasmodial species,*?
but these are not involved in hemoglobin
degradation and their roles in parasite
physiology are now being elucidated.

A sequence analysis of the mature
domain of these enzymes shows that they
are fairly typical CIA cysteine peptidases
(Fig. 1), containing all the conserved resi-
dues important for enzymatic catalysis.
However, they display several unusual
features for a papain family enzyme. An
N-terminal extension of the catalytic
domain has been identified (or compu-
tationally predicted) in several of them,
displaying a moderate degree of sequence
similarity. At least for Falcipain-2, this
segment has proven to be functionally
relevant for refolding of mature enzyme

1617 The X-ray structure of

in vitro.
mature Falcipain-2 confirmed the pres-
ence of a short a-helix in this segment,
with conserved residues making multiple
side-chain interactions with the protein
core.” Second, they have an unusual motif
near the C terminus that is absent in
Papain, which in Falcipain-2 is involved

8 Furthermore,

in hemoglobin binding.
plasmodial enzymes possess four disul-
fide bonds, one more than in the case of
Papain, with a total of nine Cys residues.
Like the rest of the enzymes of the fam-
ily, they contain an inhibitory prodomain
which is removed by auto-proteolysis.
In contrast to other Cl1A enzymes, this
prodomain seems to be unnecessary for
the correct folding of plasmodial cysteine
peptidases."”

Since their early identification, it was
evident that heterologous expression sys-
tems would be needed to produce suffi-
cient amounts of these enzymes for their
further characterization. However, many
of these expression systems have displayed
relatively low productivity. Under the
rationale that highly-efficient expression
systems will accelerate the high-through-
put screening identification of novel
inhibitors with therapeutic potential, we
review in this paper the expression systems
developed so far for plasmodial cysteine
proteases in order to identify the possible
causes of this phenomenon. We found the
striking differences in codon and nucleo-
tide composition between plasmodial
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and host genes to be the principal cause
of expression failure, and discuss several
strategies to overcome these limitations.
In addition, we highlight the potentiali-
ties of non-bacterial expression systems as
alternatives for the efficient expression of
these particular enzymes.

Analysis of Current Heterologous
Expression Systems for Cysteine
Peptidases from Human and
Rodent Malaria Parasites

The ideal expression system for these tar-
gets should meet several requirements.
Primarily, it should provide abundant
amounts of soluble and active enzymes,
with structural and functional charac-
teristics resembling those of the natural
molecule. In addition, the system should
allow easy downstream purification of the
recombinant product, being operationally
simple and economically efficient. Table 1
reviews some characteristics of the expres-
sion systems described to date for expres-
sion of these enzymes.

A rapid analysis of this table highlights
relevant similarities. First, E. coli has been
the most popular expression host used
for the recombinant production of these
enzymes, accounting for the vast majority
of them. This selection is based on well-
known advantages it displays over other
expression systems, such as (1) high pro-
ductivity, (2) fast growth at a high cell
density in inexpensive media, (3) well-
characterized genetics and (4) the avail-
ability of a large number of cloning vectors
and mutant host strains.

Second, almost all the constructs have
been based on native plasmodial genes.
Only one study was performed using a
codon-optimized synthetic gene for the
efficient expression in the selected host.”
In addition, a variety of expression vec-
tors have been used for cloning all the
genes, mainly under the regulation of
strong IPTG-inducible promoters. In
most cases, the recombinant proteins
have been N-terminal fused to purifica-
tion tags such as 6xHis, maltose-binding
protein (MBP) or glutathione-S transfer-
ase (GST). For expression, almost all the
studies employed a conventional induction
protocol, using different IPTG concentra-
tions to regulate gene expression. Despite
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these apparent similarities in methodolo-
gies, the resultant expression levels varied
greatly from one study to another, ranging
from non-detectable expression to reason-
able levels. Low-to-moderate expression
levels were the most common results even
after optimization of expression condi-

6,9,11,12,15,20,21

tions, with some cases display-

ing abundant expression.>!%141922.23

Finally, the great majority of the sys-
tems developed have led to the formation
of insoluble inclusion bodies, with the
exception of those where the protein was
fused to MBP as a solubility-enhancing
partner. However, these fusion proteins
have typically showed limited recovery
after proteolytic removal of the tag.?>?* On
the other hand, the rapid-dilution meth-
odology invariably used for the refold-
ing of solubilized inclusion bodies failed
to renaturate these proteins efficiently
to their active conformation. Despite
the fact that in many cases the refold-
ing step was performed under previously
optimized conditions, a poor recovery of
about 10-15% of the protein was typically
obtained, except in the case of Falcipain-3,
where a rather high renaturation yield of
~43% was reported.®

Strategies to Enhance
Productivity of Existing
Expression Systems

Increasing the expression level in E. coli.
Ascan be observed, the pre-existing expres-
sion systems are far from the expected effi-
ciency level. The first item to be solved is
the low expression levels observed for plas-
modial genes in E. coli expression hosts.
There is consensus that expression of these
enzymes in heterologous systems is prob-
lematic and unpredictable.!'*1>222 In this
context, it is prudent to select E. coli as the
first choice to try the expression of these
enzymes, given all the advantages shown
by this organism as an expression host.
However, the existing evidence indicates
that multiple factors must also be consid-
ered if a highly-productive expression sys-
tem is desired.

It is well documented that signifi-
cant differences in codon usage and
A + T content between the target gene and
the selected host have a great impact on
the resultant expression level of foreign
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Figure 1 (See previous page). Multiple alignment of amino acid sequences (confirmed or predicted mature form) of several plasmodial cysteine
hemoglobinases and some closely-related isoforms. Numbers of amino acids are marked at the right side of each of the alignments. Hyphens (-) rep-
resent gaps introduced to maximize alignment and asterisks (*) indicate conserved active-site residues. Clear boxes indicate the position of conserved
cysteine residues implicated in disulfide bonds (based on the Falcipain-2 structure).” Shaded boxes indicate the position of a short a-helix (a1) within
the N-terminal extension playing a critical role in folding of the mature protein and the C-terminal motif involved in hemoglobin binding. Amino acid
sequences of chabaupain-1 (AAP43629); vinckepain-1 (AAL48319); berghepain-1 (XP_677643); yoelipain-1 (XP_729023); vivapain-1 (XP_001615807);
falcipain-1 (AAA29578); falcipain-2 (AF282975); falcipain-2' (AAX77225); falcipain-3 (AAN35746); vivapain-2 (XP_001615274); vivapain-3 (XP_001615273);
vivapain-4 (XP_001615272); chabaupain-2 (AAP43630); vinckepain-2 (AAL48319); berghepain-2 (AAL48318); yoelipain-2 (XP_726900) were obtained
from GeneBank database (www.ncbi.nlm.nih.gov/genbank/). Papain sequence (AAB02650) was included for comparison.

genes in heterologous systems.”>** These
divergences often cause problems dur-
ing expression, such as decreased mRNA
stability and slow translation rates; early
termination of transcription and transla-
tion; occurrence of insertions, deletions
and frame-shifts; and finally inhibition
of protein synthesis or even arrest of cell
growth. The relative abundance of codon-
specific tRNAs in different host systems
explains partially why some genes are bet-
ter expressed than others in a selected sys-
tem. The Codon Adaptation Index (CAI)
parameter is commonly used to describe
how well the codons of the target gene
match the codon usage preference of the
host organism.?”” Consequently, the maxi-
mum value of CAI of 1.0 indicates a per-
fect adaptation; but in practice CAI values
> 0.9 are considered as very good predic-
tors of high expression.

Figure 2 shows that plasmodial genes
for cysteine peptidases are distant from
highly expressed genes in E. coli. First, they
show CAI values of ~0.6 whereas those for
reference genes are around 0.75. However,
the most striking difference is found in
the nucleotide composition of plasmodial
genes, which are among the A/T richest
genomes sequenced so far. The average
A+T content of reference E. coli genes is
near 45%, while it is ~70% in plasmo-
dial ones. Interestingly, among them, the
genes for Vivipains seem to show a lower
A+T content, suggesting a less problematic
expression in this host. The divergences in
nucleotide composition observed for the
rest of the genes are mainly focused in the
first (62.1% vs. 38.7%) and third (82.6%
vs. 41.9%) codon positions. Consequently,
it is frequent to find in these plasmo-
dial genes, codons that are rarely used in
E. coli and vice versa (see Fig. 4A for more
detail); leading to low expression levels, in
particular when rare codons are present
at the 5'-end of the mRNA or in clusters
along the sequence.
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However, the expression levels of these
“problematic” cysteine peptidase genes
can be significantly enhanced by means of
genetic strategies. One possible approach
consists of expanding the tRNA stock
of the E. coli host for these rare codons
by co-transformation with RIG (AGA/
AGG/ATA/GGA), RIL (AGA/AGG/
ATA/CTA), RP (AGA/AGG/CCCQC) or
pRARE (ATA/AGG/AGA/CTA/CCC/
GGA/CGQG) plasmids. However, as can
be observed in Figure 4A, these codons
account only for a minor part of the actual
rare codons, and in some cases not even
for the most divergent ones. Moreover,
the addition of a highly-expressed fusion
partner at the N-terminus of the heter-
ologous protein often results in high level
expression of the fusion protein. MBP has
been the most used with these enzymes,
resulting not only in abundant expression
(probably by the effect of harmonized
codon usage at the 5' end of the construct)
but also in improved solubility of the
fusion protein.

The best strategy to eliminate differ-
ences in codon usage is the recodonization
of specific plasmodial genes, by replacing
codons that are rarely found in highly
expressed E. coli genes with more favorable
codons throughout the whole sequence.
This strategy allows not only the optimi-
zation of CAI value for the selected host,
but also the modification of the global
A + T content and its distribution along
the sequence (particularly important
to reduce secondary structure in RNA
at the translation initiation region), to
achieve maximal resemblance with highly
expressed host genes. This strategy was
successfully used by us to enhance the
expression of Falcipain-2.” As can be
observed in Figure 2, the optimized con-
struct showed an almost perfect match to
the codon usage preferences of the host
(CAI = 0.96) and a base composition
(percent of A + T = 51.3) very close to that
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of the host reference genes. Consequently,
the construct was expressed to very
high-level in several E. coli strains, with
the recombinant enzyme representing
35-55% of the total proteins (depending
on the host). These expression levels were
3.5-5.5 fold higher than those obtained
with the native P. falciparum gene under
similar conditions,”® exemplifying the
positive effect that codon harmoniza-
tion could exert in the expression of these
enzymes.

Although not strictly a genetic strat-
egy, we also introduced an auto-induc-
tion medium to achieve high-cell-density
E. coli cultures as an additional step to
further enhance productivity.”” As a result,
saturation OD in

600nm
medium was considerably higher than

auto-inducing

that obtained in LB under similar culture
conditions, bringing a ~1.5-fold increase
in the volumetric productivity of the sys-
tem. In addition to higher productivity,
the system proved to be more economic
and operationally simpler than classical
IPTG-induction, with a high degree of
adaprability to other related targets.
Soluble and active expression. In addi-
tion to the afore-mentioned approaches,
the optimization of expression condi-
tions can also influence the global yield
of active enzymes. The rationale of this
strategy is not based on the augmenta-
tion of expression levels, but on increasing
the proportion of properly folded product
by modifying the expression conditions.
Consequently, the main goal would be
the identification of induction conditions
to achieve the expression of soluble and
active enzymes, bypassing solubilization,
renaturation and repurification of active
enzyme from insoluble/inactive aggre-
gates. Despite sporadic and fortuitous

successes, >

many classical approaches
have repeatedly failed, including changes
in culture/induction temperature and

time, promoter strength, inducer type and
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Table 1. Heterologous expression systems of Papain-like cysteine proteases from human and rodent malaria parasites

Enzyme specie host Plasmid cond. Expression yield Solubility&Activity Refoldil Final yield Reference
Falcipain-1 Pfalciparum E. coli pET-9d, IPTG 0.4 mM Abundant 1. bodies Not achieved - Salas, et al.1995 1
BL21(DE3) PRSET
Falcipain-1 P.falciparum Insect cells pBlueBac2 ND Soluble&Active low Salas, et al.1995 *
Trichoplusia ni
Falcipain-1 P.falciparum E. coli pGEX-6P-1, pMAL-c IPTG 1mM Low-to-Moderate Soluble&Active ND Goh, et al. 2005 2!
BL21(DE3) 25°C
Falcipain-1 P.falciparum Several E. coli pET22b, pET32b, pQE30 IPTG 1mM ~5mg/L 1. bodies Rapid dilution, optimized ~1mg/lL Kumar, et al. 2007 15
strains 37°C composition
Falcipain-2 P.falciparum E. coli M15(pREP4) pQE30 IPTG 0.25 mM Abundant |. bodies Rapid dilution, optimized ND Shenai, et al. 2000 5
37°C composition
Falcipain-2 P.falciparum Several E. coli pMAL-c, pET-30a(+), pQE-30 IPTG 0.25 mM ~48 mg/L |. bodies Rapid dilution, optimized 24 mg/lL Sijwali, et al. 2001 20
strains 37°C (10% of total proteins) composition
Falcipain-2 P.falciparum E. coli pET24d, pET24a, pGEX-6P- IPTG 0.1 mM Abundant Soluble&Active - low Goh, et al. 2003 2
BL21(DE3), TB1 1, pThioHisA, pMAL-c 25°C
Falcipain-2 P.falciparum Pichia pastoris pPICZA MeOH 0.5% Not achieved - - Goh, et al. 2003 2
X33, KM71H
Falcipain-2 P.falciparum E. coli pQE-30 IPTG 0.5 mM ND |. Bodies Rapid dilution, optimized Low-to-moderate Hogg, et al. 2006 7
M15(pREP4), 37°C composition
RosettaBlue (DE3)
Falcipain-2 P.falciparum Several E. coli pBAD24, pTrcHis2A Lactose 0.2% ~ 460 mg/L (42% of |. Bodies Rapid dilution, optimized 55 mg/L Sarduy, et al. 2012 1
strains 37°Cc total proteins) composition
Falcipain-2" P.falciparum E. coli pMAL-c IPTG 1mM Moderate-to-abundant Soluble&Active - low Goh and Sim, 2005 2
BL21(DE3) 25°C
Falcipain-2" P.falciparum E. coli pRSET-B IPTG 0.25 mM ND 1. Bodies Rapid dilution, optimized ND Singh, et al. 2006 &
BL21(DE3)/pLysS 37°C composition
Falcipain-2* P.falciparum E. coli PQES30, pMAL-c2X IPTG 0.25 mM Abundant Soluble&Active - ND Jeong, et al. 2006 2
M15(pREP4) 37°C
Falcipain-3 P.falciparum E. coli M15(pREP4) pQE-30 IPTG Low-to-Moderate 1. bodies Rapid dilution, optimized High Sijwali, et al. 2001 &
composition efficiency
Vivipain-2 P.vivax E. coli M15(pREP4) pQE-30 IPTG 1mM Low-to-Moderate 1. bodies Rapid dilution, optimized ND Na, et al. 2004 ©
composition
Vivipain-3 P.vivax E. coli M15(pREP4) pQE-30 IPTG 1mM Low-to-Moderate 1. bodies Rapid dilution, optimized ND Na, et al. 2004 °
composition
Vivipain-4 P.vivax E. coli M15(pREP4) pQE-30 IPTG 1mM Abundant |. bodies Rapid dilution, optimized ND Na, et al. 2010
37°C composition
Vinckepain-2 P. vinckei E. coli M15(pREP4) pQE-30 IPTG Low-to-Moderate 1. bodies Rapid dilution, optimized ND Singh, et al. 2002 1
composition
Berghepain-2 P. berghei E. coli BL21 (DE3)- pRSET-A IPTG 0.5mM Low-to-Moderate 1. bodies Rapid dilution, optimized ND Singh, et al. 2007 12
pLysS 37°C composition
Chabaupain- P. chabaudi E. coli pGEX-6P-1, pQE30 IPTG 0.5mM Moderate-to-abundant Partially soluble - ND Caldeira, et al. 2009 3
1 XL1 Blue 17°C
Chabaupain- P. chabaudi E. coli pQE30 IPTG 0.5mM ND 1. bodies Rapid dilution, optimized ND Caldeira, et al. 2009 3
2 XL1 Blue 37°C composition

Where more than one expression vector was used, that finally used for large-scale expression is indicated in bold letter. ND, not described.

concentration, growth media, E. coli host
strain, cellular density at which induction
began and addition of folding enhancers.
As mentioned above, the most reproduc-
ible condition to achieve soluble and active
plasmodial cysteine proteases has been its
fusion to MBP, with the inconvenience
of low efficiency removal of the fusion
partner.”

The formation of insoluble inclusion
bodies has been the most common and
important productive limitation of the
expression systems developed so far for
plasmodial cysteine proteases. Although
the compositions of refolding buffers have
been optimized with high-throughput
technology, the current refolding meth-
odology is so inefficient that it constitutes
the limiting-step in the production of
these enzymes. The eight cysteine resi-
dues forming disulphide bonds and the
remaining catalytic Cys residue represent
a huge structural challenge to recover the
native conformation of these enzymes.?®
Any improvement in the existing refold-
ing methodologies will constitute an
actual progress, with great impact on final
productivity.
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Figure 2. Comparison of plasmodial genes for cysteine proteases (®) with highly expressed Esch-
erichia coli genes (*) corresponding to glycolytic and tricarboxylic acid cycle enzymes. The cluster
corresponding to vivipain genes is indicated with dashed lines. The optimized falcipain-2 gene

is also indicated with a star. CAl values and global A + T content were calculated using the CAlcal

Non-Bacterial Expression
Systems

Non-prokaryotic expression systems have
been used only twice for the expression

Bioengineered

of plasmodial cysteine proteases: the
methylotrophic yeast Pichia pastoris for
Falcipain-2 and Trichoplusia ni insect cells
for Falcipain-1. In both cases the results
were unsatisfactory, showing no detectable
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Figure 3. Comparison of several eukaryotic systems (hosts) for the expression of plasmodial
genes for cysteine proteases (P. pastoris, Pichia pastoris; S. cerevisiae, Saccharomyces cerevisiae; T. ni,
Trichoplusia ni; S. frugiperda, Spodoptera frugiperda; C. griseus, Cricetulus griseus; H. sapiens, Homo
sapiens). The mean for each group is indicated by a horizontal line. The cluster corresponding to

Table 2. Nucleotide composition of plasmodial genes in comparison to E. coli and P. pastoris genes

Host/parameter A+T, . .(%) A+ Tm (%) A+ Tm (%) A+ Tm (%)
Plasmodial cysteine protease genes 68.2 60.2 714 729
E. coli genes 47.7 39.2 59.4 444
P. pastoris genes 57.3 51.3 62.7 57.8

expression and limited recovery of the
active protein, respectively.'*?> However,
eukaryotic systems might be predicted to
be better hosts than E. coli for the expres-
sion of these enzymes; as they share more
compatible translational machinery and
are capable to perform many post-trans-
lational modifications (disulfide bond
formation, glycosylation, proteolytic pro-
cessing, etc.) critical for the folding and
activity of C1A cysteine proteases.

Figure 3 shows the distribution of CAI
values of these plasmodial genes for sev-
eral eukaryotic systems, commonly used
for the heterologous expression of Papain-
like cysteine proteases. As expected, all
the genes showed higher CAI values for
eukaryotic hosts than for E. coli, indicat-
ing better adaptation to the codon usage
preferences of these organisms, with the
highest values for Saccharomyces cerevisiae.
Interestingly, again vivipain genes deviate
from the general behavior of the group;
clearly indicating species-specific  dif-
ferences that must be considered for the
design of efficient expression systems.

112

Among these organisms, yeast hosts
clearly constitute the best alternative to
support highly-efficient expression sys-
tems for the target enzymes, consider-
ing their productivity, easy handling and
cost-effective cultivation. In particular,
the methylotrophic yeast Pichia pastoris
is among the most used expression plat-
forms for biomedical and biotechnological
applications, mainly due to the following:
(1) the presence of a strong, tightly regu-
lated, and easily manipulated promoter
derived from the P. pastoris alcohol oxi-
dase I gene (AOX1); (2) the existence of
an efficient secretory pathway to export
recombinant products; (3) the low costs
of fermentation and (4) the low risk of
carrying human pathogenic agents. An
additional advantage of this system is the
presence of a single (non-secreted) endog-
enous CIA cysteine protease (in contrast
with insect or mammalian cells), which
facilitates the analysis and subsequent
purification of the heterologous enzyme
from culture supernatant. Furthermore,
this organism can grow in a wide pH

Bioengineered

range, both in complex or chemically
defined media and using a great variety
of carbon and nitrogen sources, allow-
ing optimization of expression conditions
to expedite downstream processing of
recombinant product. All these combined,
can lead to the costeffective production
of correctly folded, safe and fully active
recombinant proteins in milligram-to-
gram quantities.”

Table 2 compares the nucleotide
composition of E. coli and P. pastoris
genes (codon usage tables)® with those
from plasmodial cysteine protease genes.
Interestingly, significant differences can
be observed with E. coli genes in all the
parameters compared, while only moder-
ate divergences were found for P. pastoris.
Apparently, both plasmodial and P. pasto-
ris genes show a similar A/T bias, making
them more alike. In contrast, E. coli genes
display a modest C/G bias, accounting for
bigger differences in nucleotide composi-
tion. When compared with E. coli, P. pas-
toris also showed a more convergent codon
usage in relation to plasmodial genes
(Fig. 4). Although in both cases a similar
number of unmatched A/T-rich codons
were found, the profile obtained for P.
pastoris is more flat, representing lesser dif-
ferences in the relative frequency of codon
usage. Several C/G-rich codons, almost
absent in plasmodial genes but frequently
used in host genes, were also identified;
notably, seven of them in E. coli and only
one in P. pastoris, emphasizing the diver-
gences previously described. All together,
these elements explain the higher CAI
values obtained for plasmodial genes in
P. pastoris over the E. coli host.

In addition, yeast-based systems have
been successfully used for the expression of
numerous functionally active papain-like
cysteine proteases from diverse organisms,
including some protozoan parasites.?®
Remarkably, all these successful attempts
included the whole inhibitory prodomain
of the enzymes in the expressed construct,
in contrast with the failed expression
of the mature domain of Falcipain-2 in
P. pastoris.** The absence of the prodomain
might be one of the plausible causes of this
failure, given that significant divergence
in codon usage seems unlikely. Although
it was postulated that the prodomain is
not strictly necessary for the folding of
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the enzyme, it is unclear whether its inclu-
sion could exert a positive influence in
the expression levels of the entire protein
in this host. As previously described for
E. coli, the optimization of codon compo-
sition and A + T content of the target gene
would also be beneficial to improve the
resultant expression level further. Other
strategies to increase productivity, such as
the evaluation of different secretion signals
and mutated AOX1 promoter libraries, the
generation/selection of multi-copy trans-
formant clones, optimization of expres-
sion conditions (pH, media composition,
feed regime, etc.) and the use of protease
inhibitors during expression, can be used
as part of the vast repertory of possibili-
ties offered by this versatile expression
platform.

Conclusions

Thanks to the development of bioengi-
neered organisms, the design of highly-
efficient expression systems for cysteine
proteases of malaria parasites is not only
possible, but closer than ever before. The
confluence of (1) rational gene design
and synthesis, (2) availability of highly-
expressed fusion tags to enhance expres-
sion levels, solubility and purification of
problematic target genes, (3) tools for the
fine genetic and metabolic regulation of
protein expression and (4) a variety of bac-
terial and eukaryotic hosts with significant
expression capabilities, provides the basis
for the development of highly efficient
expression systems for these structurally-
complex chemotherapeutic targets. The
development of such systems will defi-
nitely fuel the identification of novel and
potent antimalarial drugs lacking parasite
resistance.
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